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We demonstrate quantum correlations in the transverse plane of continuous wave light beams by producing −4.0 dB, −2.6 dB and
−1.5 dB of squeezing in the TEM00, TEM10 and TEM20 Hermite-Gauss modes with an optical parametric amplifier, respectively. This has
potential applications in quantum information networking, enabling parallel quantum information processing. We describe the setup for
the generation of squeezing and analyse the effects of various experimental issues such as mode overlap between pump and seed and
nonlinear losses. [DOI: 10.2971/jeos.2006.06003]
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1 I n t r o d u c t i o n
There has been a growing interest during recent years in spa-
tial quantum optical effects, usually called quantum imaging
effects [1, 2, 3], as the generation of spatial correlations or
spatial squeezing in the transverse plane of laser beams may
open the way for new applications in many different areas.
Among them are biophotonics, laser physics, astronomy and
quantum information. Some pertinent examples are the mea-
surement of small transverse displacement and tilt of a TEM00
laser beam below the quantum noise limit [4, 5], detection of
weak phase images [1], quantum teleportation of optical infor-
mation [6], transverse spatial quantum correlation for trans-
mission of images [3] and noiseless image amplification [7].
Multiple spatial modes can also provide advantages in regard
to the complexity of quantum information protocols [8] and
can allow parallel transfer of quantum information through
an optical network. In single photon optics, this has created
considerable interest in the use of modes with different an-
gular momentum [9, 10, 11, 12]. An advantage of continuous
wave light beams is that close to perfect modulation and de-
tection schemes are available, which is a requirement for the
effective use of squeezed and entangled light in quantum in-
formation protocols.
Several orthonormal basis are available to describe the spatial
properties of laser beams. The most commonly used are the
Hermite-Gauss (H-G) and the Laguerre-Gauss basis [13]. In
this contribution will we concentrate on the H-G modes, but a
similar study could be undergone with another set of modes.
The higher order H-G modes are particularly interesting with
a cartesian description of the transverse plane, as they are di-
rectly related to simple spatial properties of Gaussian beams
[14]. The real and imaginary parts of the TEM10 mode repre-
sent small changes in tilt and position of a TEM00 beam [5],
whereas the real and imaginary parts of the TEM20 mode cor-
respond to a small waist-size and waist-position mismatch
[15]. Using electro-optic spatial modulators, the information
can be encoded directly into the H-G modes. The informa-
tion can then be extracted using homodyne detections with
adapted transverse profiles for the local oscillator [16, 5]. In
this way we can encode and detect parallel quantum informa-
tion in the transverse plane of continuous wave light beams.
In order to apply quantum information protocols to the trans-
verse plane of continuous wave light beams, what was miss-
ing until now was a reliable and efficient source for the gen-
eration of squeezing in different higher order H-G modes. We
propose here a method to fill this gap.
The present paper is devoted to the experimental study of
squeezing in higher order H-G modes using an optical para-
metric amplifier (OPA). In the past OPAs have proven to be
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efficient sources for the generation of quadrature squeezed
light. Since the first generation of squeezed light by paramet-
ric down-conversion by Wu et al. in 1986 [17], squeezed noise
power variances of up to -7 dB [18], and squeezing at side-
band frequencies down to sub-kHz frequencies [19] have been
demonstrated with OPAs. However squeezing has so far been
limited to TEM00 mode operation. We demonstrate here an
experimental technique to produce squeezed light in differ-
ent H-G modes, namely the TEM10 and TEM20 modes, using
an OPA. We report -4.0 dB, -2.6 dB and -1.5 dB of observed
squeezing for the TEM00, TEM10 and TEM20 H-G modes, re-
spectively. The squeezing is generated in a back seeded OPA
with a bulk lithium niobate (MgO:LiNbO3) type I nonlinear
crystal, pumped by the second harmonic, from a continuous
wave solid-state monolithic YAG laser.
The paper is organised as follows. In Section 2, we introduce
a mode-overlap theory for second order nonlinear parametri-
cal interaction with higher order H-G modes, in the thin crys-
tal approximation. Section 3 describes our experimental setup
and procedure to generate squeezing in different H-G modes
with an OPA. Section 4 addresses experimental issues such
as the optimisation of the parametrical interaction. Section 5
presents our squeezing measurements. Finally, we conclude
and present an outlook for further work in Section 6.
2 O P T I C A L P A R A M E T R I C A M P L I -
F I C A T I O N A N D I D E A L P U M P
M O D E F O R T E M n0 S Q U E E Z I N G
An OPA is a second order nonlinear optical device, where
three optical beams are coupled parametrically to each other
through the second order susceptibility χ(2) of a nonlinear
crystal, in an optical cavity. A pump photon of energy h¯ωp
incident on an OPA down-converts into two photons, signal
and idler, of energy h¯ωs and h¯ωi respectively, hence the name
parametrical down-conversion [20]. In order to have a sig-
nificant effect, the nonlinear interaction must satisfy energy
(ωp = ωs + ωi) and phase-matching (kp = ks + ki) conserva-
tion. In our experiment, the frequency of signal and idler are
degenerate, i.e.ωs = ωi, and the polarisation of the pump is at
90◦ to the polarisation of the signal and idler, corresponding
to a type I phase-matching.
In order to pump the crystal efficiently for a TEMn0 signal
mode, the transverse profile of the pump mode must locally
match with the square of the signal mode. We use {ui} as
the notation for the fundamental signal and idler mode basis
whose first mode has a waist of w0, and {vi} for the second
harmonic pump mode basis whose first mode has a waist of
w0/
√
2. In the thin crystal approximation and in the case of a
TEMn0 signal mode, the optimal pump profile En(~r) is defined
by:
En(~r) =
n
∑
i=1
Γniv2i(~r). (1)
where ~r is the transverse beam coordinate and Γni describes
the spatial overlap between the squared signal and the second
harmonic pump modes in the transverse plane, and is given
by:
Γni =
∫ ∞
−∞
u2n(~r)
αn
v2i(~r)d~r, (2)
where αn corresponds to the normalisation of the squared sig-
nal, and is defined by the relation α2n =
∫ ∞
−∞ u
4
n(~r)d~r. The opti-
mal pump profile has only even components since the TEMn0
signal squared profile is necessarily even, and its highest com-
ponent is of order 2n. This decomposition is finite because
the pre-exponential polynomial in the expression of u2n is of
order 2n, and therefore does not project onto higher order
modes. The common case of using a TEM00 signalmode yields
Γ00 = 1 and corresponds to a perfect spatial overlap as the
optimal pump profile is also a TEM00 mode. The presence of
several non zero coefficients implies that for all cases, except a
TEM00 pump mode, the optimal pump profile does not corre-
spond to the signal intensity distribution. For a TEM10 signal
mode resonant in the OPA cavity, the only non zero overlap
coefficients calculated from Eq.(2) are given by:
Γ10 = 0.58
Γ12 = 0.82. (3)
As they are the only non zero ones, they fulfil Γ210 + Γ
2
12 = 1.
For a TEM20 signal mode, the only pump modes which have
non zero overlap in the cavity are the TEM00, TEM20 and
TEM40 modes. The overlap coefficients are given by:
Γ20 = 0.47
Γ22 = 0.44
Γ24 = 0.77. (4)
Again, they fulfil Γ220 + Γ
2
22 + Γ
2
24 = 1. The presence of sev-
eral non zero coefficients accounts for the multi-mode aspect
of the ideal pump mode. Although generating such a compli-
cated mode is in principle possible by using holograms [21] or
forcing a laser cavity to emit in these mode [22, 23], we choose
as a first step, to use a TEM00 pump mode, as discussed in the
next section.
Still using the thin crystal approximation with a multi-mode
description of each field as in Ref. [24], we can show that
pumping the OPA cavity with a non optimal mode results
in an increase of the oscillation threshold. This increase is in-
versely proportional to the square of the overlap coefficient
between the chosen pumpmode and the optimal pumpmode.
For instance, when the signal mode resonant in the OPA is
a TEM10 mode, pumping with a TEM00 mode increases the
threshold by a factor 1/Γ210 ' 3. As for a TEM20 signal mode,
pumping with a TEM00 mode increases the threshold by a
factor 1/Γ220 ' 4.5. Since the threshold is directly related to
the local intensity in the crystal, it will be further increased
for higher order signal mode operations. Indeed, higher or-
der mode intensity is more spread out in the transverse plane
than for the TEM00 mode. Therefore the best conversion effi-
ciency is expected to happen for a TEM00 mode pump, inde-
pendently from any overlap issue. Still in the thin crystal ap-
proximation, the threshold is further increased by a factor of
1.3, and 1.6, respectively for TEM10 and TEM20 signal modes,
relative to a TEM00 signal mode operation. The relative theo-
retical thresholds for the three first H-G modes are presented
in Table 1 in Section 4.
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We have estimated theoretically the threshold modifications
imposed by the operation of an OPA with higher order trans-
verse modes, and will use this knowledge in the next sections
to interpret our experimental results.
3 T H E E X P E R I M E N T A L S E T U P
The experimental squeezing setup is illustrated in Figure 1.
To ensure stable squeezing, 6 locking loops are implemented
in the experiment. For locking we use the Pound Drever Hall
locking technique, where a phase-modulation is imparted
on the optical beams with electric-optic modulators (EOM).
The generated error-signals are then fed back to the cavities
through piezo-electric elements (PZT) [25]. All cavities in the
experiment are therefore held at resonance at the same time.
The experiment stays locked for longer than 20 minutes. The
only limiting factor is temperature fluctuations in the labora-
tory.
FIG. 1 Experimental setup to generate higher order transverse mode squeezing. An
OPA is seeded with a misaligned TEM00 beam. The cavity is locked to the fundamental
TEMn0 mode and pumped with a second harmonic TEM00 beam. The TEMn0 squeezed
beam is analysed using a homodyne detection (HD), whose TEMn0 local oscillator is
created from a misaligned ring cavity (MTC).
The experimental procedure for producing squeezing is as fol-
lows. The OPA is back seeded with a 1064 nm TEM00 beam.
The seed is misaligned into the OPA in order to excite higher
order H-Gmodes. The OPA cavity is then locked to the TEMn0
mode and pumped with a TEM00 second harmonic mode,
wavelength λ = 532 nm, generated internal in our cw solid-
state monolithic YAG laser. The laser gives 950 mW of sec-
ond harmonic power and 195 mW of infrared power [26]. The
1064 nm beam from the laser is first sent through a ring cavity,
a so-called mode-cleaner (MC), which filters out the intensity
and frequency noise of the laser above the bandwidth of the
MC. TheMC also defines a high quality spatial mode. A band-
width of 2.5 MHz is measured and a transmission greater than
90% is obtained for the TEM00 mode. The pump beam from
the internal frequency doubler passes through an optical iso-
lator (ISO: isolation > 40 dB) and is carefully mode-matched
(95%) into the OPA. Working at pump powers below thresh-
old, the seed is either amplified or de-amplified depending
on the relative phase between the pump and the seed. This
relative phase is stably locked to de-amplification in order to
generate an amplitude quadrature squeezed beam.
We used a concentric hemilithic cavity design for the
OPA, consisting of a 2 x 2.5 x 6.5 mm3 lithium niobate
(MgO:LiNbO3) type I nonlinear crystal doped with 7% of
magnesium. The birefringence of the crystal is highly tem-
perature dependent; accurate temperature control of the crys-
tal, typically at the milli-Kelvin level, is therefore required to
achieve optimal phase-matching, as shown in Figure 2.
The back surface of the crystal is polished so that it has a
8 mm radius of curvature and is high reflectance coated for
both wavelengths. The output coupler has 96% reflectivity for
1064 nm and 10% reflectivity for 532 nm, has a radius of cur-
vature of 25 mm, and is placed 23 mm from the front-end
of the crystal. The cavity is therefore near concentricity with
a waist of 24 µm for the 1064 nm cavity and 19 µm for the
532 nm cavity. The OPA has a finesse of approximately 165
with a free spectral range of 10 GHz and a cold cavity band-
width of 60 MHz. The TEMn0 squeezed beam generated at the
output of the OPA and the pump beam are separated with
dichroic mirrors. The squeezed beam is then analysed using a
homodyne detection with a TEMn0 local oscillator (LO), thus
extracting only the information of the TEMn0 component of
the squeezed beam. The LO is created with a ring cavity, used
as a mode transferring cavity (MTC) and designed to prevent
any transverse mode degeneracy when locked to resonance
on the TEMn0 mode.
Before describing the measured squeezing we focus on the
classical behaviour of the OPA.
4 O P T I M I S I N G T H E P A R A M E T -
R I C I N T E R A C T I O N : G A I N A N D
T H R E S H O L D M E A S U R E M E N T S
In order to have large parametric interaction we need the best
possible mode overlap between pump and seed modes. To
achieve this, different issues have to be addressed such as
mode-matching and alignment of pump and seed into the cav-
ity. A useful tool for optimising the parametric interaction -
and at the same time the possible amount of squeezing to be
extracted - is to measure the classical gain factor of the seed.
Since our OPA is not a cavity for the pump beam, the out-
put coupler has only 10% reflectivity for 532 nm, we can en-
vision three different cases for pumping the OPA efficiently,
knowing that we are restricted to a TEM00 pump mode op-
eration, as discussed in the previous section. We can match
the pump profile to the TEM00 mode defined through the in-
frared mode; we can de-focus the pump; or, we can misalign
the pump to match with one lobe (one side) of the infrared
mode, in the TEM10 mode case for instance. In each case we
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have tuned the crystal temperature to maximise the gain and
find that the most efficient option is to pump with a TEM00
mode that is aligned with the cavity axis and optimally mode
matched for maximum coupling to the cavity, as we would
do for if we wanted to produce TEM00 squeezing. The disad-
vantage of this method was that the maximum pump power
that could be delivered to the system was set by the threshold
power of the TEM00.
The optimal temperature of the nonlinear crystal to produce
squeezing differs for each TEMn0, due to the different Gouy
phase-shifts between H-G modes [27]. The temperature has
thus to be re-optimised for each experiment. A direct man-
ifestation of the shift in optimised phase-matching tempera-
ture is shown on Figure 2. This figure shows the classical gain
factor measured as a function of the crystal temperature, for
signal profiles given by the three first H-G modes, still us-
ing the best pumping option. We find that the optimal phase-
matching temperature are 62.1◦C, 61.6◦C and 60.6◦C for the
TEM00, TEM10 and TEM20 modes, respectively. The width
(FWHM) for optimal phase-matching temperature is approxi-
mately 1◦C for all three cases.
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FIG. 2 Classical gain factor as a function of the crystal temperature for OPA operation
with a TEM00, a TEM10 and a TEM20 signal modes. The optimal phase-matching tem-
perature are 62.1◦C, 61.6◦C and 60.6◦C for the TEM00, TEM10 and TEM20 H-G modes,
respectively.
The measured amplification gain curves for TEM00, TEM10
and TEM20 H-G modes are presented in Figure 3. We mea-
sured a maximum amplification of 300, 23, 5 for the TEM00,
TEM10 and TEM20 H-G modes, respectively. The best mea-
sured de-amplification factors are 0.30, 0.56 and 0.70 for the
TEM00, TEM10 and TEM20 H-G modes, respectively. On one
hand, the de-amplification of 0.30 for the TEM00 indicates that
the system is close to the oscillation threshold, since the theo-
retical value for de-amplification from a back seeded OPA at
threshold is 0.25. On the other hand, the threshold is far from
being reached for the TEM10 and TEM20 modes cases. The rea-
son why the de-amplification curves are flat and do not reach
the theoretical value of 0.25 is due to mode-mismatch between
the pump and seed which induces phase noises and losses.
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FIG. 3 Experimental classical amplification gain curves for the OPA. a) TEM00, b) TEM10
and c) TEM20 H-G modes. The solid lines are exponential fits.
The oscillation threshold is measured to be 260 mW of pump
power when the OPA is resonant for the TEM00 signal mode.
However, the threshold for higher order modes cannot be ac-
cessed experimentally because the system starts to oscillate on
the TEM00 as soon as the pump power reaches approximately
350 mW, even when the crystal temperatures are optimised
for an operation on the TEM10 and TEM20 modes. Neverthe-
less, we can use the gain curves obtained experimentally for
the TEM10 and TEM20 modes with a TEM00 pump in order to
estimate the threshold for the TEM10 and TEM20 modes. A lin-
ear fit of the first couple of data points gives the relative gain
slopes between the TEM10, TEM20 and TEM00 modes, yield-
ing an estimate of the relative threshold. We find the thresh-
olds for the TEM10 and TEM20 OPA operation regimes to be
approximately 1000 mW and 1600 mW, respectively. These
values can be compared with a theoretical calculation of the
thresholds introduced in Section 2, taking into account the im-
perfect spatial overlap between the infrared mode resonant in
the cavity and the TEM00 pump mode and the lower local in-
tensity for higher order modes. This comparison is presented
in Table 1, showing a very good agreement between theory
and the experimental measurements.
We have estimated the threshold for each operation of the
OPA on higher order modes, which will allow a calculation
of the maximum amount of squeezing that can be generated
by the system in the next section.
TEM00 TEM10 TEM20
Experimental 1 3.9 ± 0.5 6.2 ± 0.8
Theoretical 1 4 7
TABLE 1 Threshold comparison between experimental results and theory in the thin
crystal approximation. The threshold for the different modes is normalised with re-
spect to the TEM00 threshold power.
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FIG. 4 Experimental squeezing traces on the a) TEM00, b) TEM10 and c) TEM20 modes,
recorded by homodyne detection. i) Scan of the relative phase between the LO and the
squeezed beam. ii) Quantum noise limit. iii) Phase of the LO locked to the squeezed
amplitude quadrature.
The experimental squeezing curves in the TEM00, TEM10 and
TEM20 modes are shown in Figure 4. The squeezing spectra
are recorded on a spectrum analyser with a resolution band-
width of 300 kHz and video bandwidth of 300 Hz at a detec-
tion frequency of 4.5 MHz. All traces are normalised to the
quantum noise level (QNL). The QNL given by trace ii) is
measured by blocking the squeezed beam before the homo-
dyne detector. Trace i) is obtained by scanning the phase of
the LO, and trace iii) by locking the LO phase to the squeezed
amplitude quadrature. The smooth line is the theoretical fit of
the noise variance assuming the actually experimental param-
eters. We measured −4.0 ± 0.2 dB of squeezing and +8.5 ±
0.5 dB of anti-squeezing for the TEM00 mode,−2.6± 0.2 dB of
squeezing and +5.4± 0.4 dB of anti-squeezing for the TEM10
mode, and −1.5± 0.3 dB of squeezing and +2.7± 0.4 dB of
anti-squeezing for the TEM20 mode. To our knowledge, this
is the first demonstration of higher order transverse mode
squeezing using an OPA. These values have been corrected
for electrical noise, which is 9.1± 0.1 dB below the QNL, and
is mostly due to the amplifiers in the photo-detectors.
In order to perform these measurements, we used the fol-
lowing pump powers which were maximising the amount
of squeezing: 100 mW for the TEM00 mode and 300 mW for
TEM10 and TEM20 modes. We were unable to pump the OPA
with higher power, as the system was starting to oscillate on
the TEM00 mode at 300 mW, even when the cavity was locked
to another mode, as discussed in the previous section.
We can calculate an upper limit for the measurable noise vari-
ance of the amplitude V− and phase V+ quadratures at zero
frequency, using the following simple analytical expression
[28]:
V±(0) = 1± ηesc 4
√
P/Pthr(
1∓√P/Pthr
)2 , (5)
where P and Pthr correspond to pump and threshold power,
respectively ; ηesc = T/(T + L) is the escape efficiency, where
L is the intra-cavity loss and T is the transmittance of the
output-coupler. The estimated intra-cavity losses for our OPA
is approximately L = 0.0043, where we consider absorption in
the material (0.1%/cm) and scattering at the mirror and crys-
tal. This gives a cavity escape efficiency of approximately ηcav
= 0.89. The calculated squeezing and anti-squeezing for the
different modes, using Eq.(5) are shown in Table 2c.
From Figure 4, we can see that the noise spectrum from the
OPA is far away from the minimum uncertainty state pre-
dicted for a lossless OPA. We will in the following estimate
and characterise the losses in our experiment.
The total detection efficiency of our experiment, is given
by: ηtotal = ηcavηpropηdetηhd, where ηprop = 0.97 ± 0.02 is
the propagation efficiency, ηdet = 0.93 ± 0.05 is the photo-
detector (Epitaxx ETX500) efficiency. ηhd is the homodyne de-
tection efficiency. By carefully optimising the homodyne de-
tection efficiency we measured ηhd(TEM00) = 0.98 ± 0.02,
ηhd(TEM10) = 0.95 ± 0.02 and ηhd(TEM20) = 0.91 ± 0.02
for the different modes. The mode dependence is firstly due
to the larger spatial extension of higher order modes, which
are more apertured by the optics. Moreover, the fringe visi-
bility drops for higher order modes because of the additional
transverse degree of freedom compared to the TEM00 case.
Finally, a small mode mismatch has more dramatic effects
on the fringe visibility for a complex intensity distribution.
The total estimated detection efficiencies for our experiment
are therefore ηtotal = 0.79 ± 0.04, ηtotal = 0.76 ± 0.04 and
ηtotal = 0.73± 0.04 for the TEM00, TEM10 and TEM20, respec-
tively. From these efficiencies can we infer squeezing and anti-
squeezing values, see Table 2. In order to compare these effi-
ciencies, we can calculate the total theoretical detection effi-
ciency from the squeezing spectrum. The theoretical detection
efficiency for a lossy OPA is given by:
η =
VSQL +VASQL − 1−VSQLVASQL
VSQL +VASQL − 2 , (6)
whereVSQL is themeasured squeezing,VASQL is themeasured
anti-squeezing and η is the total efficiency of the experiment.
The calculated efficiencies can be seen in Table 3.
TEM00 TEM10 TEM20
a) Corrected -4.0 +8.5 -2.6 +5.4 -1.5 +2.7
b) Inferred -5.1 +9.0 -3.2 +5.9 -1.9 +3.1
c) Calculated -7.6 +11.0 -6.8 +9.1 -5.4 +6.5
TABLE 2 TEMn0 mode squeezing and anti-squeezing a) Corrected for electronic noise.
b) Inferred by taking detection and propagation losses into account. c) Calculated
taking the cavity escape efficiency and relative pump power into account.
The discrepancy between the calculated and the estimated ef-
ficiencies, suggests that additional losses are present in the
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system. A common extra possible loss factor is given by green
induced infra-red absorption (GRIIRA) [29]. But according to
Furakawa et al. no effect of GRIIRA should be seen in our
setup as we have chosen a 7% MgO doped LiNbO3 crys-
tal. Nevertheless, we find that the losses seem to be induced
by the pump and are dependent on the H-G mode inten-
sity distribution and are therefore more important in an OPA
pumped with a non-optimal pump. Eq.(3) and Eq.(4) show
that the mode-overlap between the TEM00 pump and the
TEM10 and TEM20 seed are only 0.58 and 0.47, respectively.
Therefore more losses are induced and degrade the measur-
able squeezing for the higher order H-G modes. This is also
what we find from the theoretical calculated efficiency, Eq. (6).
The comparison suggest that we have a decrease in the cavity
escape efficiency due to absorption in the crystal to ηcav,00=
0.76± 0.02, ηcav,10= 0.62± 0.02 and ηcav,20= 0.53± 0.02 for the
TEM00, TEM10 and TEM20, respectively. This indicates that the
absorption is getting larger for higher order H-G modes due
to the decrease in mode-overlap between the (non-optimal)
pump mode and the higher order H-G signal mode reso-
nant in the OPA, which is in good agreement with the simple
mode-overlap model.
TEM00 TEM10 TEM20
Est. eff. 0.79± 0.04 0.76± 0.04 0.73± 0.04
Cal. eff. 0.67± 0.03 0.53± 0.03 0.40± 0.03
TABLE 3 Comparison between estimated and calculated detection efficiency in our
system.
Losses are at this point limiting the amount of measurable
squeezing in the higher order H-G modes. However, we be-
lieve that there is a potential for further improvement. A next
experimental proposal would be to generate optimal pump
profiles in order to pump the OPA more efficiently. As pre-
viously discussed, a way of achieving perfect mode-matching
between the TEM10 seed and the pump is by creating a ”multi-
mode” pump beam consisting of a mixture of TEM00 and
TEM20. For the TEM20 mode, the pump mode should be a
mixture of TEM00, TEM20 and TEM40 modes. Thismulti-mode
pump mode can be synthesise using a spatial light modulator
or by using a series of mode transferring cavities. The later
method for synthesise the multi-mode is experimental very
challenging.
6 C O N C L U S I O N
In this contribution we demonstrate the generation of
squeezed light in the TEM00, TEM10 and TEM20 modes. To
our knowledge this is the first demonstration of higher order
transverse mode squeezing using an OPA. Losses in the ma-
terial limit us presently to noise suppressions of 4 dB, -2.6 dB
and -1.5 dB. However, we can infer about -7 dB and -5 dB of
noise suppression inside the OPA. This is similar to the de-
gree of squeezing observed in conventional CW quantum op-
tic experiments and we believe that future improvements of
our setup will allow us to increase the observed amount of
squeezing. We propose a method to maximise the measurable
squeezing of the present system using a spatial light modula-
tor to synthesise the multi-mode pump mode to generate the
optimal pump profiles for pumping the OPA more efficiently
and to minimise the nonlinear intra-cavity losses.
Using the transverse spatial properties of laser beams, we are
now able to produce all the required tools for higher order
continuous laser quantum optics experiments. The key com-
ponents are the ability to generate the H-G modes selectively
with high efficiency and the availability of simple and fully ef-
ficient modulation and detection techniques. The way for par-
allel quantum information processing with continuous vari-
ables in the transverse plane of a laser beam using the basis
of H-G modes is now open. In order to test parallel quan-
tum information protocols, we plan for future experiments
to produce spatial entanglement using two higher H-G mode
squeezers. Other types of experiments that could follow are
dense coding of spatial information, teleportation of spatial
information and spatial holography.
A c k n o w l e d g e m e n t
We would like to thank Preben Buchhave, Jiri Janousek and
Magnus Hsu for many useful discussions. This work was sup-
ported by the Australian Research Council Centre of Excel-
lence scheme. ML is supported by the Danish Technical Re-
search Council (STVF Project No. 26-03-0304).
R e f e r e n c e s
[1] L. Lugiato, A. Gatti, and E. Brambilla, “Quantum imaging”, Journal
of Optics B: Quantum and Semiclassical Optics 4 S176–S183 (2002).
[2] M. Kolobov, “The spatial behavior of nonclassical light”, Reviews
of Modern Physics 71 1539–1589 (1999).
[3] S. Gigan, L. Lopez, V. Delaubert, N. Treps, C. Fabre, and A. Maitre,
“Continuous-wave phase-sensitive parametric image amplifica-
tion”, Journal of Modern Optics 53 809–820 (2006).
[4] N. Treps, U. Andersen, B. Buchler, P. K. Lam, A. Maitre, H.-A. Ba-
chor, and C. Fabre, “Surpassing the standard quantum limit for
optical imaging using non-classical multimode light.”, Phys. Rev.
Lett. 88 203601 (2002).
[5] V. Delaubert, N. Treps, C. Harb, P. K. Lam, and B. H.-A., “Quantum
measurements of spatial conjugate variables: Displacement and
tilt of a Gaussian beam”, Opt. Lett. Doc. ID66257 (2006).
[6] I. Sokolov, M. Kolobov, A. Gatti, and L. Lugiato, “Quantum holo-
graphic teleportation”, Optics Communications 193 175–180 (2001).
[7] M. I. Kolobov and L. A. Lugiato, “Noiseless amplification of op-
tical images”, Physical Review A. Atomic, Molecular, and Optical
Physics 52 4930–4940 (1995).
[8] C. Caves and P. Drummond, “Quantum limits on bosonic commu-
nication rates.”, Rev. Mod. Phys. 66 481 (1994).
[9] A. Zeilinger, “Quantum entangled bits step closer to IT.”, Science.
289 405 (2000).
[10] S. Oemrawsingh, A. Aiello, E. Eliel, G. Nienhuis, and J. Woerd-
man, “How to observe high- dimensional two-photon entangle-
ment with only two detectors”, Rev. Rev. Lett. 92 217901–1 (2004).
06003- 6
Journal of the European Optical Society - Rapid Publications 1, 06003 (2006) M. Lassen,et. al.
[11] N. Langford, R. Dalton, M. Harvey, J. OBrien, G. Pryde, A. Gilchrist,
S. Bartlett, and A. White, “Measuring entangled qutrits and their
use for quantum bit commitment”, Phys. Rev. Lett. 93 053601–1
(2004).
[12] S. Barnett and R. Zambrini, “Resolution in rotation measure-
ments”, J. Mod. Opt. 53 613 (2005).
[13] A. Siegman, ‘Lasers’ (University Science, Mill Valley California,
1986).
[14] H. Kogelnik, “Coupling and conversion coefficients for optical
modes”, Proceedings of the Symposium on Quasi-Optics (1964).
[15] E. Morrison, B. Meers, D. Robertson, and H. Ward, “Automatic
alignment of optical interferometers”, Applied Optics 33 5041–5049
(1994).
[16] H.-A. Bachor, V. Delaubert, C. Harb, M. Hsu, P. Lam, C. Fabre, and
N. Treps, “Spatial quantum effects with continuous-wave laser
beams.”, Journal of Modern Optics 53 597 (2006).
[17] L. Wu, H. Kimble, J. Hall, and H. Wu, “Generation of squeezed
states by parametric down conversion.”, Phys. Rev. Lett. 57 2520
(1986).
[18] P. Lam, T. Ralph, B. Buchler, D. McClelland, H.-A. Bachor, and
J. Gao, “Optimization and transfer of vacuum squeezing from an
optical parametric oscillator”, Journal of Optics B: Quantum and
Semiclassical Optics 1 469–474 (1999).
[19] K. McKenzie, N. Grosse, W. Bowen, S. Whitcomb, M. Gray, D. Mc-
Clelland, and P. Lam, “Squeezing in the audio gravitational-wave
detection band”, Phys. Rev. Lett. 93 161105 (2004).
[20] R. Boyd, Nonlinear Optics (Academic Press, San Diego, 1992).
[21] A. Vaziri, G. Weihs, and A. Zeilinger, “Superpositions of the orbital
angular momentum for applications in quantum experiments”,
Journal of Optics B: Quantum and Semiclassical Optics 4 S47–S51
(2002).
[22] M. Lassen, P. Tidemand-Lichtenberg, and P. Buchhave, “Simulta-
neous measurement of patterns in the signal and idler near and
far fields from a confocal optical parametrical oscillator”, Physical
Review A 72 1–9 (2005).
[23] U. Schwarz, M. Bandres, and J. Gutierrez-Vega, “Observation of
Ince-Gaussian modes in stable resonators”, Optics Letters 29 1870–
1872 (2004).
[24] C. Schwob, P. Cohadon, C. Fabre, M. Marte, H. Ritsch, A. Gatti,
and L. Lugiato, “Transverse effects and mode couplings in OPOS”,
Applied Physics B Lasers and Optics 66 685–699 (1998).
[25] R. Drever, J. Hall, F. Kowalski, J. Hough, G. Ford, A. Munley, and
H. Ward, “Laser phase and frequency stabilization using an optical
resonator”, Applied Physics B: Photophysics and Laser Chemistry
B31 97–105 (1983).
[26] Diabolo laser from Innolight, www.innolight.de.
[27] V. Delaubert, M. Lassen, N. Treps, C. Harb, P. K. Lam, and B. H.-
A., “Selective generation of spatial modes in a single pass second
harmonic generation”, To be submitted (2006).
[28] H.-A. Bachor and T. C. Ralph, A Guide to Experiments in Quantum
Optics, 2nd edition (Wiley, 2004).
[29] Y. Furukawa, A. Alexandrovski, R. Route, M. Fejer, and G. Foulon,
“Green-induced infrared absorption in MgO doped LiNbO3”, Appl.
Phys. Lett. 78 1970 (2001).
06003- 7
